Objective: This is a pilot study of a portion of the subjects in the Evaluation of COPD Longitudinally to Identify Predictive Surrogate Endpoints (ECLIPSE) study designed to examine the relationship between vitamin D status, DBP, FEV1 and emphysema in COPD patients. Methods: We measured serum 25(OH)D and DBP in 498 ECLIPSE subjects. Subjects were distributed amongst smoker controls, non-smoker controls, and GOLD stages 2, 3 and 4. Within each * Corresponding author.
Introduction
Chronic Obstructive Pulmonary Disease (COPD) is presently the third leading cause of death in the United States [1] . COPD, and many of its co-morbid conditions, are associated with vitamin D status. Vitamin D deficiency is recognized as a widespread problem among adults in general, and in COPD patients specifically [1, 2] . The association of vitamin D deficiency with poor pulmonary health is becoming more well-defined. Studies such as NHANES have identified a positive relationship between vitamin D status and pulmonary function [3, 4] . Whether Vitamin D is associated with emphysema remains unknown. Vitamin D deficiency is also associated with the extra-pulmonary features of COPD. For example, vitamin D deficiency can impair host defense, and vitamin D replacement can improve innate immunity [5, 6] . Vitamin D deficiency has also been associated with other clinical features of COPD, such as 6-min walking distance, and co-morbidities, including osteoporosis [7e9] as well as poor adherence and outcome of pulmonary rehabilitation [10] . While one recent study did not demonstrate an effect of vitamin D supplementation on exacerbations in a population of 182 COPD patients, supplementation in a subset of patients with severe vitamin D deficiency was associated with a reduction in the rate of exacerbations [11] .
In contrast to the direct relationship of 25(OH)D levels with lung function, vitamin D binding protein (DBP) levels have been reported to be inversely related to FEV1 in patients with alpha-1 anti-trypsin deficiency [12] . DBP has also been implicated as a candidate in the pathogenesis of COPD due to its role in macrophage activation and neutrophil chemotaxis [13] . Serum DBP circulates in concentrations that are 20-fold higher than 25(OH)D concentrations, and bind more than 88% of 25(OH)D. Owing to the avid binding affinity of DBP to vitamin D, a molar concentration ratio can be calculated to represent the "free vitamin D" metabolite concentration [14e17] . Free vitamin D levels may be of interest, as proteinbound vitamin D metabolites may have limited access to target cells, and free levels may provide a better estimate of the biologically active component of vitamin D.
The current study was designed to address several key questions exploring the role of vitamin D measures in outcomes related to lung function, lung structure, and COPD related conditions. First, we addressed the question of whether vitamin D is associated with emphysema as well as with FEV1 in COPD patients. Second, we assessed if DBP levels were associated with FEV1 or with emphysema and, using DBP levels, we assessed the relationships with calculated free Vitamin D. Finally, we assessed the relationship of these measures of Vitamin D with selected clinical features of COPD.
Methods

Study population
This analysis is based on data from 498 subjects from the Evaluation of COPD Longitudinally to Identify Predictive Surrogate Endpoints study (ECLIPSE). A visual breakdown of the study subjects is provided in Fig. 1 . Demographic features of these subjects are presented in Table 1 . Subjects included 75 smoker and 75 non-smoker controls and three groups of 116 subjects each with GOLD airflow limitation severity stage 2, 3 and 4. The latter three groups included the 58 subjects with the highest and the 58 subjects with the lowest CT emphysema scores (% of lung voxels below À950 Hounsfield units) in each GOLD stage. Stored serum samples from visit 7 of the ECLIPSE study, which corresponded to 2½ years after study entry, were assessed.
At a glance commentary: scientific knowledge on the subject Vitamin D deficiency is recognized as a widespread problem among COPD patients, and has been associated with FEV1 and several co-morbid conditions of COPD.
What this study adds to the field
This study demonstrates a relationship between vitamin D status and emphysema, and confirms associations between vitamin D status with FEV1, co-morbid conditions, and inflammatory biomarkers of COPD.
Complete details of ECLIPSE study participants and study design have been previously described [18] .
Measurements
25(OH)D was measured with liquideliquid extraction, tandem mass spectroscopy (ABSciex 4000 tandem mass spectrophotometer, ABSciex, Massachusetts). Values lower than the minimal reporting threshold (<10 ng/mL) were given a value of 5 ng/ml to facilitate analysis. DBP was measured with an internally validated competitive enzyme linked immunoabsorbant assay (ELISA) using commercially available reagents and optimized as described [19] . Pre-and postbronchodilator FEV1 and FVC were measured concurrently with the serum sampling. CT-scan defined emphysema was assessed at year 3, the nearest assessment point to serum data for smoker controls and COPD subjects, and at study entry in non-smoker controls. Quantitative assessment of emphysema was performed by attenuation mask analysis using a threshold of À950 Hounsfield Units (Pulmonary Workstation 2.0, VIDA Diagnostics, Iowa City, IA, USA) and expressed as the percent of low attenuation areas (%LAA). Serum free vitamin D was estimated by molar concentration ratio index of 25(OH)D:DBP.
Additional biomarker and clinical data evaluated for their relationship with vitamin D measures are given in Table 2 , and were measured at study baseline. Six-minute walk data were only available on COPD subjects, and were taken from the year 3 visit. SGRQ data were used from year 3 visit. GOLD grouping (AeD) was performed and characterized as noted in most recent GOLD document [20] with Modified Medical Research Council dyspnea score (MMRC) as the symptomatic measure.
Low-dose CT scans of the chest were performed as described [18] . Bone attenuation was measured on CT using the software VOXAR 3D version 16.0 as described previously [21] . Briefly, the mean bone attenuation of thoracic vertebrae 4, 7 and 10 (T4, T7 and T10) were determined by placing circular regions of interest in the central parts of the vertebral bodies. The average bone attenuation was calculated and expressed as a single unit expressed in Hounsfield Units.
Statistical analysis
Associations between pairs of variables of interest were evaluated using Spearman correlation coefficients. Linear regression models were used to further examine possible associations and to test for interactions across groups of subjects. ANOVA models were used to test for differences in means of various measures across groups based on level of 25(OH)D. Multivariate models for each of the primary outcome measures were run controlling for the confounders of age, sex, BMI, smoking status, and season. A fixed effects analysis examining GOLD subject group based on mMRC, exacerbation history and FEV1 was performed using Group D (high risk, more symptoms) as a reference group. All analyses were conducted using SAS v9.2 (The SAS Institute, Cary, NC).
Results
Serum 25(OH)D
The mean 25(OH)D level of the cohort, including COPD subjects and controls, was 24.0 ng/mL. Vitamin D insufficiency, defined as 25(OH)D levels of <30 ng/mL, was present in 69% of the cohort, and deficiency, defined as 25(OH)D levels of <20 ng/mL, was present in 39% of the population. Severe deficiency (<10 ng/mL) occurred in 8.7% of subjects. Among the groups, the only mean 25(OH)D levels that differed significantly from each other were GOLD 4 group compared to smoking controls (22.18 vs. 27.99 ng/ml, respectively), and GOLD 3 group vs. smoking controls (21.9 vs. 27.99 ng/mL, respectively).
As expected, 25(OH)D levels were significantly associated with FEV1 (Fig. 2a , r Z 0.116, p Z 0.01). The effect was primarily driven by individuals with the lowest levels of Vitamin D, which is better visualized when Vitamin D levels are grouped (Fig. 2b) . The association remained significant after adjustment for confounders (p Z 0.006). Lower 25(OH)D levels were also significantly associated with emphysema (r Z À0.141, p < 0.01) (Fig. 3) . As with FEV1, the relationship between 25(OH)D and emphysema was most marked for individuals with lower 25(OH)D levels, and this is better visualized when the vitamin D levels are grouped (Fig. 3b) . Similar to FEV1, the relationship remained significant after adjustment for confounders (p Z 0.007). When only the COPD subjects were assessed, the relationship between 25(OH)D and FEV1 and emphysema was no longer significant (Supplementary Table E1 ). Lung capacity measures were also assessed. After controlling for confounders, both post-dose FVC and predicted normal FVC were positively associated with 25(OH)D levels (p Z 0.024 and 0.009, respectively).
Vitamin D binding protein 
Clinical features and selected biomarkers
Because vitamin D has been previously associated with certain systemic effects of COPD, the relationships between vitamin D, DBP, free vitamin D and selected clinical features and biomarkers were assessed in order to provide additional information on vitamin D and extra-pulmonary features of COPD (Table 2 ). There were significant associations between 25(OH)D and SGRQ, Clara cell secretory protein-16, surfactant protein D, 6 min walking distance and bronchodilator reversibility. For 6 min walking distance and SGRQ, where the associations were somewhat stronger, a disproportionate association of impairment was associated with very severe depletion of vitamin D (Fig. 5) . This was much less apparent for bronchodilator responsiveness (Fig. 5) . 25(OH)D levels were not associated with CT measured bone attenuation (Supplemental Figure E3 , Supplemental Table  E2 ). After adjustment for BMI and smoking status, the association between bone attenuation and 25(OH)D remained non-significant. However, in subjects with emphysema, DBP levels were associated with bone attenuation measurements (r Z 0.20, p Z 0.02) (Fig. 6) . A significant relationship was observed between DBP and total WBC count (p Z 0.03), and free vitamin D with SGRQ (p < 0.001), bronchodilator response (p Z 0.05), 6 min walk (p Z 0.01), SGRQ (p 0.001), clara cell secretory protein (p 0.001) and total neutrophil count (p Z 0.04) ( Table 2) . It was also of specific interest to assess the relationship between Vitamin D and body composition. Interestingly, neither fat free mass nor body mass index was significantly related to 25(OH)D, DBP or free Vitamin D (Supplementary  Table E3 ). 
Vitamin D and GOLD severity
The most recent GOLD Strategy document has suggested that COPD patients should be classified into 4 groups based on presence of low lung function, frequent exacerbations, and severity of symptoms [20] . Using the mMRC to gauge symptoms, subjects were classified into 4 groups corresponding to the current GOLD strategy. 25(OH)D and free vitamin D levels were significantly lower in group D when compared to controls. DBP was not different among the groups. (Fig. 7, see 
Discussion
In addition to confirming the previously established relationship between 25(OH)D with FEV1 [3, 4] and 6-min walk distance [7, 9] , we provide new evidence establishing a relationship between 25(OH)D and emphysema. Interestingly, the relationship with emphysema was seen in the entire population, but was not seen quantitatively in the COPD subject group. This resembles the effect of ever smoking vs. amount smoked [22] . In that setting, smoking has been suggested to initiate a process that leads to Consistent with previous studies [1, 2] , this study documents a high prevalence of vitamin D deficiency and insufficiency in a population of COPD patients and controls.
Reduced FEV1 has been associated with lower 25(OH)D levels in both the general population and COPD patients [3, 4, 12] . However, these findings were not replicated by Shaheen and colleagues [23] . Our results continue to provide evidence of a relationship between lung function and 25(OH)D in the general population, but, like Shaheen we did not find a significant correlation between 25(OH)D and FEV1 in the COPD population. There are some important differences among these studies. Janssens, who found a relationship between FEV1 and 25(OH)D in a COPD population, it included mostly elderly men, while both the current study and that of Shaheen included more women. In addition, Janssens excluded subjects taking vitamin D replacement. This was not a requirement in either the Shaheen study or the current study, although Shaheen noted only a weak relationship between supplementation and 25 (OH)D levels. The studies also differ in their geography. ECLIPSE recruited subject in many locations, while Janssens evaluated subjects in Belgium. In addition, Janssens included subjects with FEV1 severity stage 1, while these milder subjects were excluded from the ECLIPSE population. Whether the association noted by Janssens would be present in GOLD 2e4 only was not reported. Studies assessing the relationship between vitamin D and severity of emphysema in humans are limited to date. Animal models have shown that 25(OH)D deficiency is associated with alterations in lung structure [24] , but this has not been demonstrated in humans. Dairy intake, but not specifically vitamin D intake, has been inversely associated with severity of emphysema [25] .
It is possible the relationship between FEV1 and emphysema with vitamin D may be driven by individuals with very marked deficiency. Stratifying our subjects into groups based on severity of vitamin D deficiency suggests a Figure 6 Relationship between VDBP and CT measured bone attenuation emphysema is defined here as those GOLD subjects with above-median measures for emphysema within their respective GOLD classes, DPB levels were associated with CT measured bone attenuation (mean of T4, T7, and T10) (r Z 0.20, p Z 0.02). disproportionate association of the severely deficient (<10 ng/mL) subjects with reduced FEV1 and with more severe emphysema. This raises the possibility that the association of low 25(OH)D with COPD may not correspond to the current cut-off levels of deficiency (<20 ng/mL), but rather that the association is driven by the severely deficient as recently suggested by Lehouck and colleagues [11] .
Our study did not demonstrate a relationship between DBP levels and either FEV1 or emphysema. Previous studies have shown a relationship between various DBP alleles and COPD [26, 27] , and several potential mechanisms that might explain this relationship [28e31]. DBP can directly bind to leukocytes and modulate macrophage activation and neutrophil chemotaxis [13] . In this regard, DBP has been described as enhancing the chemotactic potency of C5a, one of the key active peptides generated during complement activation. Interestingly, upon binding Vitamin D, DBP may be less potent in this regard, providing a potential mechanism for Vitamin D to have an "anti-inflammatory" effect independent of binding to its canonical receptor. Another potential mechanism could be the ability of DBP to sequester Vitamin D. For this reason, we used standard methods to estimate free vitamin D, based on concentrations of Vitamin D and DBP. These estimates did not correlate better with FEV1, emphysema or clinical parameters than the measures of Vitamin D. Although this does not provide support for a role for free Vitamin D, direct measurement of free vitamin D or of 1,25 (OH)D, the biologically active form of vitamin D, which was beyond the scope of this project, may have stronger associations. The most widely used laboratory methods do not delineate free versus bound vitamin D, and, to our knowledge free vitamin D has not been directly measured in COPD. In our study, calculated free vitamin D was not associated with primary end points of lung function or emphysema, although associations neared significance. Significant associations, however, were noted with conditions related to COPD, including Clara cell secretory protein, 6 min walk distance, SGRQ score and GOLD grouping.
Our study did not demonstrate a relationship between 25(OH)D levels and CT measured bone attenuation. An association between 25(OH)D levels and bone density has been identified in many populations [32] , including populations of COPD specifically [8, 9] . Indeed, the presence of vitamin D deficiency at baseline increased the risk of the development of osteoporosis over a 3-year period by 7.5-fold in COPD patients [33] . Supplementation with the active form of vitamin D, calcitriol, showed a beneficial effect on bone density in pulmonary patients with osteoporosis [34] . However, other studies have failed to confirm the association between 25(OH)D levels and bone density in COPD patients [35] . Interestingly, our study did find an association between DBP and bone attenuation measurements in the subjects with emphysema. Recent studies in osteoporotic males have shown increased VDBP levels as compared to non-osteoporotic controls [15] .
In the current study, the relationship between vitamin D and change in clinical status was not assessed. An analysis of the Lung Health Study rapid decliners vs. slow decliners found no relationship between vitamin D levels and rate of change in FEV1 [36] . The current study was designed primarily to assess a relationship between vitamin D and emphysema, which we demonstrated. Subjects were selected to demonstrate a range of emphysema levels for this reason. The severity of emphysema has been related to the rate of lung function decline in the ECLIPSE cohort [37] . An analysis of the full ECLIPSE cohort will have more power to explore a relationship between vitamin D and change in measures of severity of COPD.
Our study demonstrates a relationship between vitamin D and 6 min walking distance and disease related health status assessed by the SGRQ. Both the SGRQ and 6 min walking distance have been related to increased mortality in COPD independently of FEV1, which is also related to mortality [38, 39] . Whether correction of severe vitamin D deficiency with therapy is possible in COPD was not tested in the current study. However, both the SGRQ and 6 min walking distance can be improved by specific interventions in COPD. Thus it is reasonable to propose that these parameters may respond to vitamin D augmentation. No pharmacotherapy has yet been definitively demonstrated to improve survival in COPD. Whether vitamin D supplementation would be useful in this regard is untested, but may be reasonable, particularly among patients who are severely deficient.
Our study also demonstrates a relationship between vitamin D and bronchodilator responsiveness. Prior studies in asthma have demonstrated that lower vitamin D levels are associated with increased airway responsiveness on methacholine challenge [40] . An inverse relationship is seen between bronchodilator response and 25(OH)D levels in asthmatic children [41, 42] . Our study demonstrates the opposite correlation of 25(OH)D and bronchodilator response, as we found higher levels of 25(OH)D were associated with increased bronchodilator response. This raises the possibility that repletion of vitamin D stores may improve treatment responsiveness. Bronchodilator response in COPD, however, is directly related to lung function [43] . Thus the association of vitamin D with responsiveness may be secondary to the relationship between vitamin D and lung function.
Vitamin D status has also been shown to be inversely related with biomarkers of inflammation [44e46], which may play a role in the pathogenesis of COPD. Clara cell secretory protein (CCSP), the most abundant secretory protein in the airway, has been shown to play a role in inflammation, infection, and oxidative stress [47] . Serum CCSP is reduced in COPD patients and smokers, and significantly higher in former smokers with airflow obstruction reversibility [48] . Our study shows increased serum CCSP levels associated with higher levels of 25(OH)D as well as free vitamin D. Whether or not there is a mechanistic relationship between these measures is unclear. CCSP is produced by the epithelium of the airways. Dysfunction of airway epithelium is thought to lead to reduced production. A role for vitamin D in directly modulating epithelial function is plausible as several types of epithelium have been demonstrated to express vitamin D receptors and to respond to vitamin D [49, 50] . Alternatively, vitamin D may modulate epithelial cell function in the lung indirectly through an effect on inflammatory cells.
It was of interest to assess vitamin D levels with respect to the new GOLD classification. In this, a significantly lower 25(OH)D was observed in group D, which has both more severely impaired FEV1 (stages 3e4) and/or more frequent exacerbation history as well as more symptoms. These levels were lower than Group C, which had impaired FEV1 (stages 3e4) and/or more frequent exacerbation history but less dyspnea on the mMRC scale, suggesting that vitamin D deficiency may be related to symptoms independent of the association with lung function and structure. The use of oral corticosteroids, which may play a role in this association, was not included in the analysis.
While there are some reasons to suggest vitamin D deficiency may contribute to the pathogenesis of COPD, it is also possible that there is a cause and effect relationship in the opposite direction. Specifically, patients with COPD are less active than individuals without COPD and spend less time in outdoor activities. Whether the behavioral impact of COPD affects diet is relatively unexplored and could also, conceptually, lead to a decrease in vitamin D intake in COPD. COPD as a cause of reduced vitamin D levels is a plausible and untested possibility. The relationships of vitamin D levels with dietary intake, metabolism and supplementation are complex and may account for the relatively weak relationships that have been observed between vitamin D and FEV1 in prior studies [4, 23] and with the clinical and biochemical measures the current study. Our study, however, confirms the relationship between COPD and vitamin D levels and specifically establishes a relationship between emphysema and COPD clinical features with vitamin D.
Our study has several weaknesses. Although we adjusted for several confounders, information on other known confounders of vitamin D status such as race and place of living was not available, and therefore were not accounted for. Information on vitamin D supplementation was not available. Also, CT scans were not performed at the exact time as the serum used in this study due to availability of stored samples, although CT scans for quantification of emphysema were performed 6 months after serum collection. The CT scans used to assess bone density were done 2 years prior to the serum collection used in this study. Clinical classification of the subjects and biomarker data were not available at the time of the serum collection, but were available at study baseline, 2½ years prior to serum measurement. The fact that significant associations were observed suggests that these relationships may be very robust. Assessment at similar time points may have revealed stronger relationships or relationships in addition to those observed. Finally, the associations observed in the current study between vitamin D and features of COPD do not establish a causal relationship.
Conclusion
This study provides evidence supporting the role of vitamin D in COPD by confirming the relationship between vitamin D and airflow. The association between emphysema and 25(OH)D levels is a novel finding, suggesting the possibility of a modulating effect of vitamin D on lung structure. A relationship between vitamin D and biomarkers that are believed to reflect disease activity in COPD merit further exploration. Further studies to elucidate the pathogenic mechanisms and interaction between vitamin D and DBP, including the DBP genotype, and their effect on existing therapies may characterize a subset of COPD patients that may benefit from vitamin D supplementation. 
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